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The multiple-object tracking (MOT) paradigm has been widely
used as a tool for studying attention and visual cognition (Scholl,
2009). Although most MOT tasks have employed identical objects
as tracking stimuli, there is now a growing interest in visual track-
ing of unique objects (Horowitz et al., 2007; Makovski & Jiang,
2009a, 2009b, Ren et al., 2009). As most authors are well aware,
accurate identity-location binding serves meaningful functions in
many real-world tracking tasks. For example, a living organism
has to identify which moving objects pose a potential danger; a
basketball point guard has to be aware of where every teammate
and opponent is in order to make a successful pass, etc. Given
the ecological signiﬁcance of object features for identity tracking,
it seems rather unlikely that people would ignore this information
in multiple object tracking. Intuitively, individuating objects
should beneﬁt tracking performance of MOT, because by remem-
bering object identities at the target tagging phase, observers
should be able to recover the lost targets during tracking. In other
words, we may ﬁnd ‘‘where’’ an object is by knowing ‘‘what’’ it is.
However, one of the surprising conclusions from prior MOT re-
search is that identity processing of the objects differentiated by
features appears to be rather detached from tracking. For example,
there is evidence that individuating objects by color does not help
tracking performance (Klieger, Horowitz, & Wolfe, 2004).ll rights reserved.
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6487 2070.Moreover, people are often quite poor at recalling the identity of
correctly tracked objects (Pylyshyn, 2004), or noticing when target
properties change (Bahrami, 2003). These ﬁndings suggest that
tracking is accomplished entirely by updating an object’s spatio-
temporal information, and that the identity of the object is largely
ignored during this operation. Pylyshyn’s (1989, 2001, 2004) mod-
el, Fingers of INSTantiation (FINST), was created to accommodate
this line of ﬁndings. According to FINST, MOT is implemented by
early vision that picks out a small number of objects while ignoring
their visual properties. This early vision is ‘‘feature-blind’’ because
the object identity differentiated by visual properties is not en-
coded or accessible for higher level cognitive processes.
However, recent evidence has revealed that observers can actu-
ally take advantage of the additional information provided by un-
ique objects. Tracking performance can beneﬁt from distinct
shapes, numbers or colors (Horowitz et al., 2007; Makovski & Jiang,
2009a, 2009b). Makovski and Jiang (2009b) suggest that target
identities are actively maintained in working memory. This idea
is consistent with object ﬁle theory (Kahneman, Treisman, & Gibbs,
1992), according to which, featural properties, along with other
semantic information of the objects, are encoded and updated
across time and space. Kahneman et al. tested the theory in a
reviewing paradigm, which involved brieﬂy labeling two objects
with unique letters (e.g., ‘A’ and ‘B’). After the two objects moved
smoothly to different locations, they asked observers to name the
letter that appeared in one of the two objects as quickly as possi-
ble. Observers were faster when the letters reappeared at their ori-
ginal objects. They called this ‘the object-speciﬁc beneﬁt’. Other
researchers who have found an advantage of unique objects have
also pointed out the connection between their ﬁnding and the
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2009b). They argue that object ﬁles are content addressable and
that the visual system can take advantage of the differences
between unique objects stored in working memory to optimize
tracking performance.
However, identity processing in MOT does not always beneﬁt
tracking. Botterill, Allen, and McGeorge (2011) found that process-
ing identity information (or features) has no effect on tracking per-
formance. Moreover, if human faces are used as tracking stimuli,
unique identities could even impair tracking performance (Ren
et al., 2009). Recent research into unique object tracking has thus
generated a set of rather bewildering results. How can unique ob-
jects be a beneﬁt in one study yet a deﬁcit in another? Why do un-
ique objects produce signiﬁcant effects in some conditions yet null
results in others? What underlies this wide range of seemingly
contradictory ﬁndings? Do they reﬂect reality or emerge as a result
of varying experimental procedures? In this study, we aim to show
that these phenomena are necessary consequences of identity pro-
cessing. It is this processing activity that underlies the intricate
tradeoff between the beneﬁts and costs of unique object tracking.
Our proposal relies on two assumptions. The ﬁrst is that identity
processing in MOT must share the limited attentional resources
with tracking operation. The second is that the efﬁciency of iden-
tity processing is affected by object complexity. Using the same
set of stimuli and experimental procedures, we hope to demon-
strate that the manipulation of object complexity can produce a di-
verse pattern of effects that reﬂect the nature of tradeoff in unique
object tracking without suffering the difﬁculties that often con-
front comparisons of different studies.
Following Ren et al. (2009), our predictions about these diverse
effects rely on the assumption that resources are shared by identity
processing and tracking. Cohen et al. (2011) have recently con-
trasted this common-resource model with the model that assumes
separate resources for identity processing and location tracking
(Botterill, Allen, & McGeorge, 2011; Horowitz et al., 2007). Their
experiments have produced evidence for the common-resource
model.
It has been shown that unique objects can enhance tracking
performance by recovering lost targets (Horowitz et al., 2007;
Makovski & Jiang, 2009b). However, because identity information
is encoded and stored in visual working memory, this process is
attentionally demanding (Fougnie & Marois, 2006; Makovski &
Jiang, 2009b). Makovski and Jiang (2009b) found that unique ob-
jects can beneﬁt tracking when concurrent working memory load
is low, but the effect can be largely eliminated when concurrent
working memory load is high. This suggests that the efﬁciency of
identity processing depends on working memory load.
The efﬁciency is also affected by the characteristics of tracked
objects, particularly by object complexity (Alvarez & Cavanagh,
2004). Recent research has suggested that the capacity of visual
working memory is inversely related to object complexity: the
more complex the stimuli, the lower the capacity (Alvarez &
Cavanagh, 2004; Luria et al., 2010). Alvarez and Cavanagh (2004)
measured the capacity for several object categories of varying lev-
els of complexity indexed by information load, which reﬂects the
efﬁciency of object processing. The results showed a decreased
capacity as a function of object complexity (e.g., 4.4 for simple col-
ors, 2.8 for Chinese characters), and suggested that the processing
of complex stimuli requires more resource than simple stimuli.
These results have important implications for MOT because the
task requires visual working memory (Allen et al., 2006). Like the
working memory tasks, complex objects in MOT should require
more resources to process identity information.
Complex objects may also cause a higher degree of confusion
between targets and distractors because they tend to be more
difﬁcult to discriminate from each other. This is quite likelybecause simple objects are usually distinguished by simple fea-
tures whereas complex objects are distinguished by combined fea-
tures. Thus, it is likely that identity processing may compete with
tracking for more resource when objects are more complex. Be-
cause identity processing shares the resources used by tracking,
this competition could in turn cancel the beneﬁt of target recovery
by object identities, or even lead to a reversed effect. This may ex-
plain the cost of uniqueness in Ren et al. (2009), where human
faces were used as tracking stimuli. Faces are more complex than
colors and simple shapes (Eng, Chen, & Jiang, 2005).
However, this hypothesis still requires evidence from other ob-
ject categories. Although identity processing in multiple face track-
ing produced a tracking deﬁcit (Ren et al., 2009), it is unclear
whether the deﬁcit is generalizable to non-face stimuli. Because
face identities are especially important for social interaction, it is
possible that they activate a greater level of identity processing
than non-face stimuli. However, this cannot rule out the possibility
that other complex objects also impair tracking. Furthermore, vari-
ations in object category and experimental procedure may be
responsible for the different tracking effects reported in different
studies. To tackle these issues, we employed numbers and Chinese
characters as our tracking stimuli in this study. The visual com-
plexity of these non-face objects was manipulated to investigate
how it affects identity processing and tracking operation.
Various measures of stimulus complexity such as ‘‘ﬁgure good-
ness’’ (Garner & Sutliff, 1974), ‘‘perimetric complexity’’ (Attneave &
Arnoult, 1956; Pelli et al., 2006), as well as ‘‘informational load’’
(Alvarez & Cavanagh, 2004), have been proposed. We employed
the perimetric complexity, which is a widely-used index in the
study of letter and character recognition. This measure is deﬁned
as the square of the inside and outside perimeter of a symbol, di-
vided by the ‘‘ink’’ area (Pelli et al., 2006). The index of perimetric
complexity correlates well with ﬁgure goodness, which corre-
sponds well with the index of informational load (see Jiang, Shim,
& Makovski, 2008).
It is unclear how objects with different levels of complexity cre-
ate various attentional loads on the tracking operation. Makovski
and Jiang (2009b) proposed that attentional load is evoked by a
voluntary strategy to actively encode and store identity informa-
tion in working memory. According to this hypothesis, observers
only attend to identity information when it is beneﬁcial. This ac-
count is able to explain some existing data quite well. For example,
if targets in a MOT task periodically change to different identities,
observers would not be able to rely on object identities to recover
lost targets. Makovski and Jiang reasoned that because identity
processing is useless in this condition, observers would abandon
the use of object identity as their strategy. Hence they predicted
a diminished beneﬁt of unique objects. This was exactly what they
found. Their account can therefore explain results that either
showed a beneﬁt or a null effect of unique object tracking.
However, this account would have difﬁculty in predicting deﬁ-
cit in tracking of unique complex objects. It could be inferred from
the strategic identity processing view that ambiguous or over-
complex identities will not be processed during MOT because they
bring no beneﬁt (e.g., objects distinguished by conjunction of fea-
tures such as color and shape). However, complex objects should
not produce a cost to tracking if identity processing could be aban-
doned easily when the strategy is no longer useful. Thus, it is pos-
sible that identity processing is not completely voluntary. This will
make it possible to anticipate a cost to tracking when object iden-
tities are unduly complex. According to this hypothesis, identity
processing is likely to be performed by default. It is sometimes
involuntary rather than being always dictated by a conscious deci-
sion. Hence, even when this activity is detrimental to tracking, the
system would not have an easy procedure to halt the process. We
should point out that Ren et al. (2009) have previously used the
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less strong vocabulary because it is conceivable that identity pro-
cessing can be suppressed with conscious efforts. Nonetheless,
there may be a propensity for observers to process identity infor-
mation where such effortful control is absent. Identity processing
consumes available resources in the working memory. Because it
has to share the resources used by tracking, identity processing
could potentially reduce or even impair the beneﬁts of uniqueness
in object tracking.
The logic of the predictions in this study is as follows. First, if
identity information is not processed in MOT, tracking identical
and unique objects should generate equivalent performance.
Moreover, the complexity of the identity information should have
no effect. Second, if identity processing in MOT is a tracking strat-
egy that can be readily monitored and controlled, target identities
should be processed when they are simple and easy to process, and
this should facilitate tracking performance for the unique condi-
tion. However, when target information is too complex such that
much cognitive resources are diverted away from tracking, identity
processing should be abandoned to satisfy the basic requirement of
tracking operation. Consequently, tracking performance in this
condition should be the same as the identical condition. Third, if
identity processing in MOT is to some extent involuntary, this
information should be processed regardless of whether it can assist
tracking. When identity information is simple, tracking perfor-
mance for unique objects should be higher than for identical ones.
When this information is complex, however, identity processing
that relies on encoding and storing information in visual working
memory may start to interfere and compete with visual tracking
for attention resources. This could produce a tracking deﬁcit.2. Experiment 1
The aim of Experiment 1 was to test the hypothesis that effects
of unique identities depend on stimulus complexity. Prior research
has shown that the short-term memory span for verbal contents
(numbers, letters, words, etc.) strongly depends on the time it
takes to vocalize them (Hulme et al., 1995). For numeric materials,
the longer a digit, the more time it takes to vocalize. In this exper-
iment, we used numbers of variable digit lengths as tracking stim-
uli to manipulate the level of object complexity. If tracking relies
exclusively on updating the objects’ spatiotemporal information,
then performance should be indistinguishable between unique
and identical conditions. Alternatively, if identity processing is a
strategy that can be suppressed, we would expect a decline of
uniqueness advantage as a function of digit length, because the
longer the digits, the more resources would be required to identify
it. However, numbers with lengthy digits should create compara-
ble performance relative to the identical object condition if identity
processing is a calculated strategy. Finally, if identity processing is
involuntary, unique objects should also be an advantage when
tracking stimuli consist of minimal digits. However, unique objects
could become a disadvantage when they consist of relatively
lengthy digits.2.1. Method
2.1.1. Participants
Twenty undergraduates from Beijing University of Science and
Technology, Beijing Forestry University and Chinese Agriculture
University were paid for their participation in this experiment.
They were 18–26 years old (M = 22.4, SD = 1.5) and all had normal
or corrected-to-normal vision.2.1.2. Apparatus and stimuli
Participants were tested at 60 cm viewing distance from a 17-
in. computer monitor with a resolution of 800  600 pixels. A cen-
tral square area of about 480  480 pixels, subtended 18.2  18.2
of visual angle, was designated for stimulus motion. The experi-
ment was programmed with E-Prime (Version 1.2).
The tracking stimuli were numbers with varied length (1, 3 or 4
digits) across trials. The digit length within each trial was identical.
In the 1-digit condition, each item was a number chosen randomly
from 0 to 9 without replacement. For the 3- or 4-digit condition,
the constraint was that 0–9 must be used no more than once at
every digit position. If any of 0–9 was already assigned to a digit
position of an item, it would not be used again in the same digit po-
sition for the rest of the items. This allowed observers to distin-
guish every 3 or 4-digit from each other by any position. In the
identical-item condition, a single, randomly generated number
was duplicated 10 times. Each number was ﬁtted into a 75  75-
pixel square frame which was invisible in display.
The stimulus complexity was deﬁned by perimetric complexity.
The calculation was based on the method in Watson (2012), which
was improved over Pelli et al. (2006). The means for 1, 3, and 4 digit
stimuli were 7.36(1.7), 20.01(3.7), 25.69(4.5), respectively. An anal-
ysis of variance (ANOVA) showed a signiﬁcant effect of complexity,
F(2,27) = 69.43, p < .001, and post hoc tests with Bonferroni correc-
tion showed a signiﬁcant difference between each pair of these
means, ps < .001. The numbers were presented in black against a
homogenous grey background. Initial item positions were assigned
randomly,with the constraint that eachhad to be at least 1 from the
edges of the display and at least 1.1 from each other. The velocity of
the items varied between 9.1 and 11.7/s with a mean of 10.1/s.
2.1.3. Design and procedure
We employed a 2  3 within-subject design. The two variables
were object uniqueness (identical vs. unique) and number length
(1, 3, or 4 digits).
The procedure is illustrated in Fig. 1. Each trial began with 10
numbers shown at random locations. Five of these were randomly
designated as targets. The targets were cued by a 75  75-pixel
yellow square frame for 2 s before all the numbers began to move
in random directions for variable durations of 4, 6, 8 or 10 s. This
was randomly selected to discourage participants from anticipat-
ing the trial ending (Horowitz et al., 2007). The objects bounced
off when their edge touched each other. During the motion observ-
ers were required to keep track of the targets. They were informed
that the task does not require remembering the numbers. The
numbers were occluded by black squares as soon as they stopped
moving. The observer was instructed to pick out the 5 targets by
clicking them with a mouse. No feedback was given. The spacebar
was used to initiate the next trial.
The experiment consisted of 120 trials after six practice trials,
given 20 experimental trials per condition. On average the experi-
ment took 40 min to complete.
2.2. Results
Following Horowitz et al. (2007), the raw accuracy data of all
experiments were transformed into estimated capacity k to correct
guess response for further analysis according to high-threshold
guessing models:
k ¼ aP  t
2
aþ P  2t ð1Þ
where a is the number of possible response options, P is the average
number of targets correctly selected, and t is the number of targets.
In our experiment, a = 10 and t = 5. Plugging this into the ﬁrst
equation yields:
Fig. 1. Illustration of the trial procedure used in Experiment 1. The example in this ﬁgure shows a 3-digit unique trial. Targets are marked at t1. Tracking starts at t2. When the
movement stops at t3, all objects are occluded by homogeneous black squares. The task at t4 is to pick out the ﬁve targets by clicking them with a mouse.
Fig. 2. Mean capacity as a function of object uniqueness and complexity in
Experiment 1. Error bars represent one standard error around the mean.
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P
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Data from one participant was excluded from analysis due to
overall poor, chance-level performance. The mean capacity results
are shown in Fig. 2. The main effect of digit length approached sig-
niﬁcance, F(2,36) = 2.77, p = .076, g2p = .13. The main effect of
uniqueness was not signiﬁcant, F(1,18) = 0.67, p = .42. These were
qualiﬁed by a signiﬁcant interaction between the two factors,
F(2,36) = 8.85, p < .001, g2p = .33. Simple main effect analysis re-
vealed that tracking capacity for identical objects did not vary with
digit length, F(2,36) = 0.92, p = .41. In contrast, tracking capacity
for unique objects signiﬁcantly declined as a function of digit
length, F (2,36) = 10.36, p < .001, g2p = .37. Multiple comparisons
with Bonferroni correction revealed that tracking capacity for un-
ique single digit numbers was greater than for 3- or 4-digit num-
bers, ps < .05. More importantly, tracking unique targets
produced better performance relative to the identical-item condi-
tion when the tracking stimuli were single digit numbers,
F(1,18) = 8.71, p < .01, g2p = .33. This demonstrates a uniqueness
advantage. However, the pattern of results was reversed for 4-digit
numbers, F(1,18) = 8.87, p < .01, g2p = .33, where a cost of unique
items was demonstrated. For 3-digit numbers, the identical and
unique conditions did not produce any difference, F(1,18) < .01,
p = .97.2.3. Discussion
Experiment 1 demonstrates that identity information does af-
fect attentive tracking of unique numeric stimuli. The effect is
dependent on object complexity. When tracking stimuli consistedof simple single-digit numbers, unique objects resulted in a higher
tracking performance than identical objects. This unique object
beneﬁt is consistent with previous ﬁndings (Makovski & Jiang,
2009a). However, as object complexity increased (the digit length
increased from 1 to 3), tracking performance for unique and iden-
tical objects was no longer distinguishable. Finally, unique objects
reverted to a cost when 4-digit numbers were used. These results
are consistent with the hypothesis that more attentional resources
are involuntarily recruited to process more complex targets. Be-
cause participants were only required to pick out the targets, iden-
tity processing was task irrelevant. The cost of tracking multiple
complex numbers shows that participants could not ignore the
identity of the tracked items even though processing this informa-
tion was not useful to tracking performance. These results cannot
be easily explained by the FINST model or the strategic identity
processing theory but ﬁt well with the idea that identity processing
in MOT is by default involuntary or at least not easily subject to
voluntary processing strategies.3. Experiment 2
The data in Experiment 1 demonstrate variable effects of object
complexity in location tracking of unique objects. However, what
underlies the declining performance with increasing object com-
plexity remains ambiguous. In Experiment 1, both 3- and 4-digit
stimuli in the unique condition were generated in a way that 0–9
must be used exhaustively and non-repetitively on every position
of the 10 number items. This rule was used to avoid possible con-
fusions between numbers in the same position. For example, num-
bers like 245 and 267 share ‘2’ at the hundreds position and this
was not allowed to occur in Experiment 1. However, this did not
rule out potential confusions due to repetition of numbers at dif-
ferent positions. For example, 2314 and 3421 are both allowed
by the rule and hence could appear in the same trial. These num-
bers are clearly confusable because they contain identical elements
(i.e., 1, 2, 3, and 4) although at different digit positions. This confu-
sion may be easier to resolve for smaller 3-digit numbers and is
nonexistent for single digit numbers. Thus, the degree of confusion
between targets and distracters increases with the length of digits.
This may have contributed to the effect of object complexity in
Experiment 1, as the cost of unique objects in the 4-digit number
trials could have been caused by a higher degree of confusion be-
tween targets and distractors. The impaired tracking performance
demonstrated by Makovski and Jiang (2009a), when targets and
distractors shared featural information, suggests this possibility.
Thus, it is unclear whether the declined performance with the
length of digits in Experiment 1 resulted from the need for more
attentional resources to process the complex targets or the confu-
sion between targets and distractors evoked by object complexity
or both. The aim of Experiment 2 was to replicate the results in
Fig. 3. Mean capacity as a function of object uniqueness and complexity in
Experiment 2. Error bars represent one standard error about the mean.
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confusion between targets and distracters can be ruled out. This
was achieved by applying a new stimulus generation rule. Because
the possibility of target-distractor confusion is abolished with the
rule, we expected reduced cost of complexity. Also, we reasoned
that the effect of digit length should remain if the possible confu-
sion between targets and distractors was not the only cause of the
effect in Experiment 1.
3.1. Method
3.1.1. Participants
Another group of 26 paid participants from Beijing University of
Science and Technology and Beijing Forestry University took part
in this experiment. They were 21–26 years old (M = 23.0,
SD = 1.5) and all had normal or corrected-to-normal vision.
3.1.2. Stimuli, procedure, and design
This experiment was identical to Experiment 1 except for the
following. First, a 2-digit condition was added to provide a more
continuous measure. Second, the numbers in the unique condition
were generated with an additional constraint that prevented
occurrence of the same numerical elements in both targets and dis-
tractors. At the beginning of each trial, the 0–9 series were ran-
domly assigned to two sets, with 5 in each. Random combination
of the numbers in one set formed targets, whereas the same ran-
dom combination in the other formed distractors. For example,
the randomly chosen numbers could be 6, 2, 3, 9, and 0 in the
set for targets, and 8, 1, 7, 5, and 4 in the set for distractors. In a
2-digit number trial, randomly combining two elements in the tar-
get set could produce 92, 30, 62, 39, and 26, and applying the same
random procedure to the distractor set could produce 71, 54, 18,
57, and 84. This procedure guaranteed that none of the elements
in a target could also be an element of a distractor. Because the tar-
get and distractor groups were randomly formed at the beginning
of each trial, the groupings varied from trial to trial. On average this
experiment took 50 min to complete.
Again, the stimulus complexity was measured by perimetric
complexity. The means for 1 digit to 4 digit condition were
7.36(1.7), 12.41(2.6), 19.57(2.7), and 24.90(2.4), respectively. ANO-
VA showed a signiﬁcant effect of complexity, F(3,36) = 121.50,
p < .001, and post hoc analyses with Bonferroni correction showed
a signiﬁcant difference between each pair of these means, ps < .001.
To evaluate whether different number-generating rules in Experi-
ments 1 and 2 have produced numbers varying in perimetric com-
plexity, we compared the complexity scores for the 3- and 4-digit
stimuli between the two experiments. The scores in the two exper-
iments did not differ for 3-digit, t(18) = .30, p = .77, or the 4-digit
stimuli, t(18) = .48, p = .63.
3.2. Results
Data from one participant was excluded from analysis because
of chance-level performance. Results of this experiment are shown
in Fig. 3. The main effect of digit length was signiﬁcant,
F(3,72) = 3.09, p < .05, g2p = .12, and the main effect of uniqueness
was not signiﬁcant, F(1,24) = .81, p = .38. There was, however, a
signiﬁcant interaction between these variables, F(3,72) = 4.98,
p < .01, g2p = .17. Similar to Experiment 1, simple main effect analy-
sis showed that tracking performance did not depend on object
complexity for identical digits, F(3,72) = 1.68, p = .18, but declined
signiﬁcantly as a function of object complexity for unique digits,
F(3,72) = 5.26, p < .01. Again, an advantage of unique objects was
observed for the single digit condition, p < .05. The cost of unique
objects for 4-digit numbers approached signiﬁcance, p = .052. Forboth 2 and 3-digit numbers, identical and unique conditions pro-
duced comparable tracking performance, ps > .27.3.3. Discussion
The overall pattern of results in this experiment was consistent
with Experiment 1. It shows that after eliminating shared elements
between target and distractor items, tracking performance re-
mained a function of object complexity for unique objects. This
means that the effect of object complexity in Experiment 1 was
not contaminated by higher degree of confusion between targets
and distractors.
As the multi-digit targets in this experiment were a combina-
tion of 5 instead of 10 elements, in theory the participants should
be able to take advantage of this information. For example, ele-
ments 7, 2, 3, 9, and 6, for a 4-digit trial could produce targets
7239, 2396, 3967, 9672, and 6723. In this combination, every ele-
ment is used in 4 out of the 5 targets. By contrast, none of these
elements would be used in any of the distractors. Strategically, par-
ticipants could identify the 4 targets simply by remembering any
one of the ﬁve elements. If this strategy had been used, tracking
unique multi-digit numbers would have been easier than tracking
unique single digit numbers. However, the results still indicate a
drop of tracking performance for unique digits as a function of digit
length. This may show that participants have involuntarily en-
gaged in the processing of complex identity information instead
of using a more effective strategy.4. Experiment 3
Experiments 1 and 2 demonstrate that unique numerical stim-
uli can either facilitate or impair tracking performance. The cost
and beneﬁt of unique-number tracking depended on object com-
plexity. However, variations in object complexity manipulated by
digit length could introduce confounds into stimulus properties
such as shape, size and the level of crowding. Because different
numbers of digits were ﬁtted into the same 75  75-pixel frame,
the font size of each digit was varied according to the digit length.
For example, the fonts for the 4-digit stimuli were taller and thin-
ner than for 1-digit, resulting in a variation of font shape and size.
These low-level features could also inﬂuence tracking perfor-
mance. For example, tracking performance could be affected by
the size of the objects (Bettencourt & Somers, 2009). To control
some of these factors, we employed Chinese characters in this
experiment. Chinese characters were chosen because they vary in
visual complexity yet maintain the same overall size and
Fig. 5. Mean capacity in Experiment 3. Error bars represent one standard error.
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ﬁrm the effects of unique objects observed in Experiments 1 and 2
with Chinese characters as tracking stimuli.
4.1. Method
4.1.1. Participants
Another group of 17 students from Beijing University of Science
and Technology and Beijing Forestry University were paid for tak-
ing part in this experiment. They were 19–25 years old (M = 22.1,
SD = 2.0) and all had normal or corrected-to-normal vision.
4.1.2. Stimuli, procedure, and design
A total of 20 Chinese characters were chosen as tracking stimuli.
Each character was ﬁtted into a 55  55-pixel invisible square
frame on the display. The characters were classiﬁed into two cate-
gories based on their visual complexity: frequently used simple
characters and frequently used complex characters, with 10 in
each. Because semantic meaning or pronunciation of the Chinese
characters could have differential effects on tracking, care was ta-
ken to select the characters that were not more distinct than the
others or more easily associated with each other. All Chinese char-
acters are single syllables. Based on our pilot study, it takes roughly
the same amount of time to read the two lists of simple and com-
plex characters. Care was taken not to create rhymes in their com-
bination. The perimetric complexity scores for simple characters,
11.75(3.2), were lower than for complex characters, 28.84(3.2),
t(18) = 22.69, p < .001. The simple characters had 2–3 strokes,
whereas the complex ones had 10–12. This difference was signiﬁ-
cant, t(18) = 26.44, p < .001. The complete character set is shown in
Fig. 4.
We employed a 2  2 within-subject design. The two variables
were object uniqueness (identical vs. unique) and complexity
(simple vs. complex). The procedure was identical to experiments
1 and 2.
4.2. Results
Results of this experiment are shown in Fig. 5. There was no
main effect of complexity, F(1,16) = .82, p = .38, or uniqueness,
F(1,16) = 0.02, p = .90. However, there was a signiﬁcant interaction,
F(1,16) = 12.02, p < .01, g2p = .43. Simple main effect analysis re-
vealed that tracking capacity for identical objects didn’t vary with
complexity, F(1,16) = 1.35, p = .26. In contrast, tracking capacity for
unique objects declined when stimuli became more complex,
F(1,16) = 6.96, p < .05.Fig. 4. The Chinese characters used in Experiment 3. The pronunciations of each
character are included in the parenthesis.Simple main effect analysis also revealed that tracking capacity
for identical simple objects (M = 4.15, SD = .45) was lower than for
unique simple objects (M = 4.27, SD = .43), F(1,16) = 3.53, p = .08. In
contrast, tracking capacity for identical complex objects (M = 4.32,
SD = .44) was higher than for unique complex objects (M = 4.12,
SD = .40), F(1,16) = 3.71, p = .07. In both cases, however, the differ-
ence only approached the level of signiﬁcance.
4.3. Discussion
After controlling some low-level features of tracking stimuli
such as size, global shape, and spatial extent, the overall pattern
of results in this experiment remained consistent with Experi-
ments 1 and 2. It conﬁrms that identity processing for complex
stimuli can incur a tracking cost and it generalizes this ﬁnding to
a new type of stimuli.
5. General discussion
We conducted three experiments to examine the potential
inﬂuence of identity processing and object complexity on unique
object tracking. Results in Experiment 1 showed that tracking per-
formance is a function of object complexity. Unique numbers were
tracked better than identical numbers when they consisted of a
single digit. The results were reversed when object complexity
was increased to 4 digits. A similar pattern of results was found
in Experiment 2, where potential confusion of identity between
the targets and distractors was ruled out as a contributing factor.
Experiment 3 showed that the beneﬁt and cost of uniqueness could
be generalized to Chinese characters, for which the stimulus size
and overall shape were better controlled.
Apart from providing additional evidence that MOT is far from
‘‘feature-blind,’’ the overall results of these experiments suggest
that tracking unique objects may involve involuntary identity pro-
cessing. This activity generated a full spectrum of behavioral per-
formance that ranged from facilitation to impairment. The critical
determinant of this wide range of effects appears to be how easy
it is to process and maintain the identity information. When target
identity is simple and easy to process, unique targets lead to a bet-
ter performance. This beneﬁt has been observed in previous stud-
ies (Horowitz et al., 2007; Makovski & Jiang, 2009a, 2009b). Our
results for single-digit stimuli (Experiments 1 and 2) and simple
Chinese characters (Experiment 3) replicated this effect. However,
when target stimuli are complex, identity information could be-
come more difﬁcult to process. Processing of this information
could require additional resources, which could in turn hamper
tracking operation. This was indeed what we found when multi-di-
git numbers (Experiment 1 and 2) or complex Chinese characters
(Experiments 3) were used as tracking stimuli.
T. Liu et al. / Vision Research 66 (2012) 31–38 375.1 Voluntary and involuntary identity processing in MOT
The fact that people can track identical objects means that
tracking can be accomplished without differentiating the identities
among the tracked objects. Knowing ‘‘what’’ the objects are is not
needed for knowing ‘‘where’’ they are. Because identity processing
is not necessary, and because most studies found either facilitation
or no effect of object uniqueness, it has been proposed that identity
processing may be simply a tracking strategy (Horowitz et al.,
2007; Makovski & Jiang, 2009b). This means that observers will
stick to the strategy when it works, but abandons it when it fails.
Consequently their tracking performance is either facilitated or
not affected. This idea seems to work for results in most studies.
However, Ren et al. (2009) have discovered that tracking unique
faces could also lead to a cost in tracking performance. This is dif-
ﬁcult to explain by the voluntary strategy theory. Previously, the
effect was attributed to special biological signiﬁcance of the face
stimuli. However, the results from the present study provide evi-
dence that the cost of identity in MOT is not face speciﬁc. Rather,
it may be a domain-general effect that applies to various kinds of
complex objects. Human observers may be predisposed to encode
and discriminate the identity of distinctive objects in the environ-
ment when this information is available. The cost of identity
processing in MOT cannot be easily explained by the voluntary
strategy account: If observers can easily control when and where
to apply identity processing, they should be able to abandon this
strategy when it cannot produce any beneﬁt. Thus, the theory does
not predict a cost for unique objects tracking.
In contrast, if identity processing inMOT is to some degree invol-
untary, the cost in tracking unique objects is expected because it
means the observers cannot easily suppress the process even under
the circumstanceswhere identity processing is harmful for tracking.
The results from this study appear to agree with this hypothesis.5.2. Beneﬁt and cost: the role of object complexity
The present study shows that object complexity may be respon-
sible for both beneﬁts and costs in tracking performance. The ef-
fects may be determined by the capacity limit of working
memory and levels of resources taken by identity processing and
tracking operation.
Although the representation of object position and identity may
involve separate mechanisms (Botterill, Allen, & McGeorge, 2011;
Horowitz et al., 2007), it is widely accepted that attention is
needed in both tasks (e.g. Fougnie & Marois, 2006; Scholl, 2009).
Thus, when identities and positions are processed simultaneously,
there must be some kind of resource sharing (Cohen et al., 2011;
Ren et al., 2009). This is also supported by Makovski and Jiang
(2009b), who demonstrated the effects of performing concurrent
working memory and tracking tasks.
Resource sharing may underlie the diverse effects of unique ob-
jects. Processing complex objects may require greater level of re-
sources. It may compete for the limited resources shared by
tracking operation. It is well established that the visual working
memory has a lower capacity for more complex stimuli (Alvarez
& Cavanagh, 2004; Luria et al., 2010). Memory span depends on
the category of objects (e.g., memory span is around seven for dig-
its, six for letters, and ﬁve for words), as well as on object features
within a category (e.g., memory span is lower for long words than
for short words, see Hulme et al., 1995). Together, these ﬁndings
suggest that the resources required for each object in working
memory vary with object complexity. This characteristic of
working memory capacity seems to be at least partially responsible
for the divergent results from unique object tracking, as an MOT
task requires visual working memory (Allen et al., 2006).Consistent with this line of ﬁndings, results in the present study
have shown that tracking capacity also varies with object complex-
ity. These results suggest that when toomany resources are used for
identityprocessingof complexobjects, trackingperformance suffers
because of insufﬁcient resources for tracking.We suggest that atten-
tion is drawn to target identities during MOT regardless of whether
this assists tracking. There are two sides to the impact of involuntary
identity processing. On the one hand, target identities could be used
to check tracking status and to recover the lost targets. In this case,
identity processing could beneﬁt tracking. On the other hand, the
identity processing could cost resources that are necessary for track-
ing. This couldmake trackingmore difﬁcult and error prone. The ob-
served effect of uniqueness on tracking is determined by the sum of
cost and beneﬁt. Facilitation arises when beneﬁts overweigh costs;
impairment arises when costs overweigh beneﬁts; and equivalent
performance arises when beneﬁt and cost cancel out each other.
According to this explanation, the reason several previous studies
and some conditions in this study failed to produce any effect of
uniquenessmaynotbedue to absenceof identityprocessing. Rather,
it could be because the effects of beneﬁts and costs happened to be
similar in strength and canceled each other out.
Unlike tracking performance for unique objects, our data showed
no effects of object complexity on identical-object tracking. This
may be due to reduced difference between resources required for
processing simple and complex objects in the identical-object con-
ditions. In the unique-object condition, a manipulation of complex-
ity is likely to affect identity processing for every individual object.
In the identical-object condition, however, the same manipulation
may only affect a single identity, because it would be unnecessary
to process each object identity differently if they are the same. In
brain research, there is evidence that the superior Intraparietal Sul-
cus and the lateral occipital complex areas treat identical objects as
a single unique object (Xu, 2009). Behavioral measures also show
that the difference between working memory capacities for simple
and complex objects becomes smaller when memory set size de-
creases (Eng, Chen, & Jiang, 2005). These ﬁndings predict a weaker
demand for additional resources in the identical-object condition
relative to the unique-object condition.6. Conclusion
In this study, we have shown that identity processing runs in
parallel with tracking process regardless of whether object identi-
ties are task relevant. Our results show that individuating objects
can impair, facilitate, or produce no difference on tracking perfor-
mance. The results provide evidence that identity processing in
MOT is to some extent involuntary under most tracking conditions.
The direction of these effects is likely to be affected by the com-
plexity of object information and the capacity limit of working
memory.Acknowledgments
This research was supported by grants from 973 Program
(2011CB302201) and K.C. Wong Education Foundation. We thank
Miss Emma Medford and Dr. Johan Hulleman for their thoughtful
comments on an earlier version of this manuscript.References
Allen, R., McGeorge, P., Pearson, D. G., & Milne, A. B. (2006). Multiple-target
tracking: A role for working memory? Quarterly Journal of Experimental
Psychology, 59, 1101–1116.
Alvarez, G. A., & Cavanagh, P. (2004). The capacity of visual short-term memory is
set by both the visual information load and by number of objects. Psychological
Science, 15, 106–111.
38 T. Liu et al. / Vision Research 66 (2012) 31–38Attneave, F., & Arnoult, M. D. (1956). The quantitative study of shape and pattern
perception. Psychological Bulletin, 53, 452–471.
Bahrami, B. (2003). Object property encoding and change blindness in multiple
object tracking. Visual Cognition, 10, 949–963.
Bettencourt, K., & Somers, D. (2009). Effects of target enhancement and distractor
suppression on multiple object tracking capacity. Journal of Vision, 9(7), 9, 1–11.
Botterill, K., Allen, R., & McGeorge, P. (2011). Multiple-object tracking: the binding
of spatial location and featural identity. Experimental Psychology, 58, 196–200.
Cohen, M. A., Pinto, Y., Howe, P. D. L., & Horowitz, T. S. (2011). The what–where
tradeoff in multiple identity tracking. Attention, Perception & Psychophysics, 73,
1422–1434.
Eng, H. Y., Chen, D., & Jiang, Y. (2005). Visual working memory for simple and
complex visual stimuli. Psychonomic Bulletin & Review, 12, 1127–1133.
Fougnie, D., & Marois, R. (2006). Distinct capacity limits for attention and working
memory. Psychological Science, 17, 526–534.
Garner, W. R., & Sutliff, D. (1974). The effect of goodness on encoding time in visual
pattern discrimination. Perception & Psychophysics, 16, 426–430.
Horowitz, T. S., Klieger, S. B., Fencsik, D. E., Yang, K. K., Alvarez, G. A., & Wolfe, J. M.
(2007). Tracking unique objects. Perception & Psychophysics, 69, 172–184.
Hulme, C., Roodenrys, S., Brown, G., & Mercer, R. (1995). The role of long-term
memory mechanisms in memory span. British Journal of Psychology, 86,
527–536.
Jiang, Y. V., Shim, W. M., & Makovski, T. (2008). Visual working memory for line
orientations and face identities. Perception & Psychophysics, 70, 1581–1591.
Kahneman, D., Treisman, A., & Gibbs, B. J. (1992). The reviewing of object ﬁles:
Object-speciﬁc integration of information. Cognitive Psychology, 24, 175–219.
Klieger, S. B., Horowitz, T. S., & Wolfe, J. M. (2004). Is multiple object tracking
colorblind? [Abstract]. Journal of Vision, 4(363), 363a.Luria, R., Sessa, P., Gotler, A., Jolicœur, P., & Dell’Acqua, R. (2010). Visual short-term
memory capacity for simple and complex objects. Journal of Cognitive
Neuroscience, 22, 496–512.
Makovski, T., & Jiang, Y. V. (2009a). Feature binding in attentive tracking of distinct
objects. Visual Cognition, 17, 180–194.
Makovski, T., & Jiang, Y. V. (2009b). The role of visual working memory in attentive
tracking of unique objects. Journal of Experimental Psychology: Human Perception
and Performance, 35, 1687–1697.
Pelli, D. G., Burns, C. W., Farell, B., & Moore-Page, D. C. (2006). Feature detection and
letter identiﬁcation. Vision Research, 46, 4646–4674.
Pylyshyn, Z. W. (1989). The role of location indexes in spatial perception: A sketch
of the FINST spatial-index model. Cognition, 32, 65–97.
Pylyshyn, Z. W. (2001). Visual indexes, preconceptual objects, and situated vision.
Cognition, 80, 127–158.
Pylyshyn, Z. W. (2004). Some puzzling ﬁndings in multiple object tracking: I.
Tracking without keeping track of object identities. Visual Cognition, 11,
801–822.
Ren, D., Chen, W., Liu, C. H., & Fu, X. (2009). Identity processing in multiple-face
tracking. Journal of Vision, 9(5), 18, 1–15.
Scholl, B. (2009). What have we learned about attention from multiple-object
tracking (and vice versa)? In D. Dedrick & L. Trick, et al. (Eds.), Computation,
cognition, and pylyshyn (pp. 49–77). Cambridge, MA, US: The MIT Press.
Watson, A. B. (2012). Perimetric complexity of binary digital images: Notes on
calculation and relation to visual complexity. Mathematica Journal, 14(5), 1–40.
http://dx.doi.org/10.3888/tmj.14-5.
Xu, Y. (2009). Distinctive neural mechanisms supporting visual object individuation
and identiﬁcation. Journal of Cognitive Neuroscience, 21, 511–519.
